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1  | INTRODUC TION
Unlike capture-based fisheries, global aquaculture production has 
increased markedly over the past decades and has major prospects 
of further expansion (FAO, 2018). As such, it is often viewed as 
one of the most important sources of food for the growing human 
population. However, depending on the nature, location, volume of 
production, and farmed species in question, aquaculture may elicit a 
variety of negative effects on wild populations and the surrounding 
environment. For salmonid aquaculture that is conducted in open 
sea-cages in both the Atlantic and Pacific oceans, sea lice, which 
infest both farmed and wild salmonids, represent one of the most 
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Abstract
Capture and long-distance translocation of cleaner fish to control lice infestations 
on marine salmonid farms has the potential to influence wild populations via over-
exploitation in source regions, and introgression in recipient regions. Knowledge of 
population genetic structure is therefore required. We studied the genetic structure 
of ballan wrasse, a phenotypically diverse and extensively used cleaner fish, from 18 
locations in Norway and Sweden, and from Galicia, Spain, using 82 SNP markers. We 
detected two very distinct genetic groups in Scandinavia, northwestern and south-
eastern. These groups were split by a stretch of sandy beaches in southwest Norway, 
representing a habitat discontinuity for this rocky shore associated benthic egg-
laying species. Wrasse from Galicia were highly differentiated from all Scandinavian 
locations, but more similar to northwestern than southeastern locations. Distinct ge-
netic differences were observed between sympatric spotty and plain phenotypes in 
Galicia, but not in Scandinavia. The mechanisms underlying the geographic patterns 
between phenotypes are discussed, but not identified. We conclude that extensive 
aquaculture-mediated translocation of ballan wrasse from Sweden and southern 
Norway to western and middle Norway has the potential to mix genetically distinct 
populations. These results question the sustainability of the current cleaner fish 
practice.
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significant and persistent challenges (Taranger et al., 2015; Torrissen 
et al., 2013).
While a diverse set of sea lice control strategies has been im-
plemented by the industry, the use of cleaner fish that eat lice from 
farmed salmonids in sea-cages has been presented as a sustainable 
and ecologically sound approach. Cleaner fish were introduced in 
salmonid aquaculture in the late 1980s (Bjordal, 1988; Darwall, 
Costello, Donnelly, & Lysaght, 1992; Rae, 2002) although the use 
dwindled in the late 1990s and mid-2000s due to widespread che-
motherapeutant use. However, as lice rapidly developed a high 
level of resistance (e.g., Espedal, Glover, Horsberg, & Nilsen, 2013; 
Fallang, Denholm, Horsberg, & Williamson, 2005; Fallang 
et al., 2004; Kaur et al., 2017; Ljungfeldt, Espedal, Nilsen, Skern-
Mauritzen, & Glover, 2014; Treasurer, Wadsworth, & Grant, 2000), 
cleaner fish use has since had a resurgence and currently exceeds 
48 million fish per year in Norway alone (Norwegian Directorate 
of Fisheries, 2019). The primary cleaner fish species currently in 
use include lumpfish (Cyclopterus lumpus L., 1758) and four spe-
cies of wrasse: goldsinny (Ctenolabrus rupestris L., 1758), corkwing 
(Symphodus melops L., 1758), rock cook (Centrolabrus exoletus L., 
1758), and ballan (Labrus bergylta Ascanius, 1767) (Blanco Gonzalez 
& de Boer, 2017; Darwall et al., 1992; Powell et al., 2017; Skiftesvik 
et al., 2014).
Of the species used as cleaner fish, ballan wrasse is the most 
valuable due to its hardiness and large size (Blanco Gonzalez 
& de Boer, 2017; Skiftesvik, Bjelland, Durif, Johansen, & 
Browman, 2013). It is a hard-bottom associated species, with a 
natural distribution from the Iberian Peninsula to a northern termi-
nus in Trøndelag, mid-Norway (Quignard & Pras, 1986). Reaching 
an age of more than 25 years (Dipper, Bridges, & Menz, 1977; 
Dipper & Pullin, 1979) and a size of up to 60 cm (Quignard & 
Pras, 1986), it is the largest and longest living of the wrasse in 
northern Europe. Ballan wrasse is a monandric protogynous her-
maphrodite; that is, all fish are born female and change sex to 
become males at ~6 years of age, usually before reaching 40 cm 
in length (Darwall et al., 1992; Dipper & Pullin, 1979; Muncaster, 
Norberg, & Andersson, 2013). Protogynous life histories tend 
to result in highly female skewed population sex ratios (Allsop 
& West, 2004), leading to smaller effective population size (Ne), 
which in turn increases the likelihood of developing population 
structure (D'Arcy, 2013). In addition, ballan wrasse show strong 
site affiliation and have small home ranges (Mucientes, Irisarri, & 
Villegas-Ríos, 2019; Skiftesvik, Durif, Bjelland, & Browman, 2015; 
Villegas-Ríos, Alós, et al., 2013). Males also keep harems of fe-
males with which they spawn on the benthic substrate (Darwall 
et al., 1992). The combination of these traits is thus likely to 
generate population structure (Dipper et al., 1977; Dipper & 
Pullin, 1979).
Ballan wrasse are phenotypically diverse and display two main 
phenotypes, spotty and plain, which can be found in sympatry. 
In Galicia, northwest Spain, these two phenotypes have differ-
ent common names and display differing life histories, with spotty 
fish growing larger and faster than plain fish that invest in earlier 
reproduction (Villegas-Ríos, Alonso-Fernández, Domínguez-Petit, 
Alonso-Fernández, Domínguez-Petit, & Saborido-Rey, 2013). A ge-
netic difference between these two phenotypes in Galicia has been 
revealed through microsatellite DNA analysis (Quintela et al., 2016), 
and assortative mating has been proposed as a mechanism to main-
taining the difference (Villegas-Ríos, Alonso-Fernández, Domínguez-
Petit, et al., 2013). These two phenotypes can also be found in other 
parts of the distribution range (Villegas-Ríos, Alonso-Fernández, 
Fabeiro, Alonso-Fernández, Fabeiro, Bañón, & Saborido-Rey, 2013), 
but the genetics underlying the phenotypic divergence is yet to be 
examined in these areas.
The majority of wrasses used as cleaner fish in aquaculture are 
wild captured. Currently, the Norwegian labrid fishery is divided into 
three management regions, where the allocation of quotas, fish-
ing-gear regulations, and closed seasons differs. However, knowl-
edge of population genetic structure was not available when these 
management areas were initially decided upon. Of the total 18 mil-
lion wrasse quota, 4 million are allocated to the southernmost man-
agement region where there are virtually no salmonid farms. From 
this area, wrasses are transported by trucks or boats to salmonid 
farms in western and middle Norway. In addition, approximately 1 
million wrasses are imported annually from Sweden, and permits 
have also been granted for imports from Denmark although a com-
mercial fishery is yet to be established in the latter region (Rueness 
et al., 2019).
Little is still known about the fate of cleaner fish in sea-cages, 
but escapes and hybridization with wild populations have been doc-
umented (Faust, Halvorsen, Andersen, Knutsen, & André, 2018). 
Furthermore, deliberate release of wrasses following the end of 
salmonid production has also been reported (Taranger, Svåsand, 
Kvamme, Kristiansen, & Boxaspen, 2014). Thus, this practice can lead 
to gene flow between previously isolated populations, as suggested 
for goldsinny (Jansson et al., 2017) and reported for corkwing wrasse 
(Faust et al., 2018). This type of human-mediated movement of or-
ganisms between areas, termed translocation, has been identified as 
an increasing threat to biodiversity and genetic diversity worldwide 
(Laikre, Schwartz, Waples, & Ryman, 2010; Prenter, MacNeil, Dick, 
& Dunn, 2004), through co-introduction of (novel) disease vectors 
and/or parasites and by leading to extrinsic outbreeding depres-
sion and/or breakdown of population structure (André et al., 2011; 
Glover et al., 2017).
The population genetic structure of ballan wrasse has yet to be 
studied in Scandinavia. Given the widespread harvest and translo-
cation of this species, such studies are required to provide sound 
management advice. Thus, the present study was designed with 
two primary objectives: (a) to investigate the population genetic 
structure of ballan wrasse in Scandinavia, including comparative 
analysis with Galician populations, and (b) to investigate the rela-
tionship between genetic and phenotypic variation in this species in 
both Scandinavia and Galicia. In order to achieve these objectives, 
we genotyped 1,058 ballan wrasse from Scandinavia and Galicia in 
Spain, using a newly developed SNP panel and existing microsatellite 
markers.
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2  | MATERIAL S AND METHODS
2.1 | Sampling
A total of 1,058 ballan wrasse were sampled from 16 locations in 
Norway, two in Sweden and one in Galicia, Spain (Figure 1). At five 
locations (see Table 1), fish were photographed for phenotypic 
analysis of plain and spotty morphs. These individuals were visually 
sorted according to phenotype (see example in Figure 2) in order 
to investigate the potential connection between phenotype and 
genetic background and were kept separate for analyses where 
appropriate.
Scandinavian fish were caught using fyke nets or pots. Fish were 
killed and thereafter sampled by trained individuals in accordance 
F I G U R E  1   Map of the study area of ballan wrasse (Labrus bergylta). (a) Scandinavian sampling locations. Northwestern Scandinavian 
locations indicated by squares, southeastern by circles. Approximate genetic cline center and range in Scandinavia indicated by line and area 
shaded in green. (b) Galician sampling location. See Table 1 for detailed information about the sampling locations
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with EU Directive 2010/63/EU and national legislations. Galician sam-
ples were obtained from a local fish market in A Coruña (43.359 N, 
8.402 W). All fin clips were stored in 96% ethanol for later analysis.
2.2 | Identification of single nucleotide 
polymorphism (SNP) markers for genotyping
Putative SNPs were randomly identified from polymorphisms 
identified in the genome by mining RAD sequences from ballan 
wrasse available from NCBI (BioSample: SAMEA2707596; SRA: 
ERS529359) and aligned to the genome assembly available from 
NCBI (BioSample: SAMEA3939555, BioProject: PRJEB13687, 
https://www.ncbi.nlm.nih.gov/assem bly/GCF_90008 0235.1/) using 
BWA (Li & Durbin, 2009). SNPs were retrieved from the aligned se-
quences by using Samtools mpileup (Li, 2010, 2011; Li et al., 2009) 
and filtered using bcftools (Danecek et al., 2011) in order to keep the 
variants with high confidence call (bcftools filter -e “%QUAL < 100”).
Putative SNPs, identified from the procedure above, were im-
ported in R v.3.5.0 (R Core Team, 2018) and filtered to only retain 
SNPs with the highest confidence of polymorphism based on the 
Phred-scaled genotype likelihoods of the.vcf output file from 
bcftools. To cover as much as possible of the genome, as well as to 
avoid strong linkage between markers, one SNP was randomly se-
lected from each of the 120 largest contigs of the assembly. A total 
of 106 of these identified SNPs were then sorted into four genotyp-
ing multiplexes, each consisting of 24–29 SNPs named BaWr-1 to 
−106 (see Tables S1–S4 for multiplex designs).
2.3 | Genotyping
Total genomic DNA was extracted from fin clips using the Qiagen 
DNeasy 96 Blood & Tissue Kit following the manufacturer's in-
structions (Qiagen, 2016). All samples were genotyped for the 106 
SNPs on a MassARRAY® platform using an iPLEX® reaction (Agena 
Bioscience, n.d.). SNPs were amplified in 5 ml of PCR master mix 
consisting of 0.5 μM Multiplex primer mix (one of four multiplexes), 
25 mM dNTP, 25 mM MgCl2, PCR buffer, 5 U/μl PCR enzyme, 
~15 ng/μl DNA, and HPLC-grade water. Cycling conditions were 
TA B L E  1   Summary statistics of sampled ballan wrasse (Labrus bergylta) using 82 single nucleotide polymorphisms (SNPs). Lat and Lon are 
latitude and longitude of the sampling location, respectively; N is the number of individuals sampled; HWE and LD are number of deviations 
from Hardy–Weinberg equilibrium and linkage equilibrium, respectively; He and Ho are expected and observed heterozygosity, respectively; 
and FIS is the inbreeding coefficient. Numbers in parentheses (B) are after sequential Bonferroni corrections. Galician sample listed both as 
total sample and as sorted by morphotype (Plain/Spotted)
Area Sampling location
Short 
code Lat Lon Year(s) N Photographs
HWE 
(B) LD (B) He Ho FIS
NW Sauhestøya Sau 64.78 11.21 2017 33 6 (1) 183 (1) 0.414 0.416 0.019
Flatanger Fla 64.47 10.65 2017, 2018 57 9 (1) 168 (0) 0.410 0.401 0.040
Smøla Smo 63.45 7.93 2017, 2018 36 Y 5 (0) 162 (0) 0.413 0.407 0.025
Edøy-Tustna ET 63.29 8.17 2017 25 5 (0) 136 (0) 0.403 0.399 0.033
Vestnes Ves 62.67 6.98 2017 81 8 (1) 152 (0) 0.409 0.411 0.007
Florø Flo 61.59 4.87 2018 29 6 (0) 143 (0) 0.412 0.414 0.010
Gulen Gul 60.94 4.91 2018 29 6 (0) 145 (0) 0.406 0.413 0.006
Øygarden Oyg 60.60 4.78 2018 23 7 (0) 130 (0) 0.393 0.414 −0.027
Hardanger Har 60.25 6.03 2012–2013 50 6 (0) 150 (0) 0.403 0.411 −0.012
Fjell Fje 60.16 5.01 2018 26 6 (0) 124 (0) 0.397 0.399 0.023
Austevoll Aus 60.06 5.12 2013 89 11 
(0)
153 (0) 0.409 0.414 −0.007
Årdal Aar 59.14 6.07 2018 22 4 (0) 150 (0) 0.404 0.426 −0.025
SE Mandal Man 57.98 7.46 2018 50 6 (0) 163 (1) 0.398 0.427 −0.056
Flødevigen Flod 58.42 8.77 2013, 2018 197 Y 7 (4) 144 (0) 0.398 0.393 0.022
Risør Ris 58.70 9.26 2018 50 5 (1) 157 (1) 0.391 0.402 −0.018
Hvaler Hva 59.06 10.89 2012 50 6 (0) 146 (0) 0.390 0.375 0.040
Strömstad, 
Sweden
Str 58.94 11.16 2018 47 Y 7 (0) 163 (0) 0.395 0.389 0.025
Gothenburg, 
Sweden
Got 57.69 11.82 2018 49 Y 6 (0) 162 (1) 0.395 0.390 0.026
SP Galicia, Spain Gal 43.39 −8.43 2014 82 Y 9 (2) 281 (4) 0.412 0.385 0.067
Galicia Plain GalP 43.39 −8.43 2014 43 8 (2) 287 (0) 0.410 0.396 0.049
Galicia Spotted GalS 43.39 −8.43 2014 39 4 (2) 136 (0) 0.391 0.373 0.054
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2-min denaturing at 95°C followed by 45 cycles of 30 s at 95°C, 30 s 
at 56°C, and 1 min at 72°C, and finished with 5 min at 72°C. After 
initial PCR, the remaining primers and nucleotides were removed 
using Shrimp alkaline phosphatase (SAP) and followed by iPLEX 
(Agena Bioscience™) Extension Reaction, with extension primer 
(UEP) mix according to multiplex (see Tables S1–S4 in Appendix S1). 
SAP cycling conditions were 40 min at 37°C, followed by 5 min at 
85°C, while iPLEX cycling conditions were 30 s at 94°C, followed by 
40 cycles consisting of 5 s at 94°C and 5 cycles of 5 s at 52°C and 5 s 
at 80°C. The iPLEX extension reaction was finished off by 3 min at 
72°C. All thermocycler programs were set infinitely to 4°C after the 
cycling program was run to prevent product degradation.
Extension products were desalted using Clear Resin before trans-
fer onto a SpectroCHIP Array by automated nanodispenser (Agena 
Bioscience™ RS1000). SpectroCHIP arrays were analyzed using a 
MALDI-TOF Mass Spectrometer (Agena Bioscience™ MassARRAY 
Dx Analyzer) that assigns genotypes to sample fragments ac-
cording to mass. The results were called and control checked in 
TyperAnalyzer v.4.1.83 (Agena Bioscience™), and all genotypes with 
a mass height below 0.4 were filtered.
In addition to genotyping the entire dataset with SNPs as de-
scribed above, a subset of the samples (N = 513) were also geno-
typed for nineteen microsatellite loci (WrA103, WrA107, WrA111, 
WrA112, WrA113, WrA203, WrA223, WrA224, WrA236, WrA237, 
WrA254, WrA255, WrA256, WrA259, WrA261, WrB102, WrB212, 
WrB213, and WrB215; Quintela et al. (2014)) Microsatellites were 
genotyped to compare the amount of genetic diversity in samples 
from the southern and northern range of the species distribution. 
Microsatellites (six multiplexes) were amplified in 10 μl of PCR mas-
ter mix, consisting of 50 ng DNA template, 1× buffer, 2 mM MgCl2, 
1.25 mM dNTPs, 0.06–0.12 μM of each primer, and 1 U Go-Taq poly-
merase. Cycling conditions were as follows: 4-min denaturation at 
94°C followed by 24 cycles of 50 s at 94°C, 90 s at an annealing tem-
perature of 56°C, 1 min of extension at 72°C, and a final extension 
of 72°C for 10 min. Forward primers were labeled with fluorescent 
dyes and PCR products were electrophoresed on an ABI Prism 377 
Genetic Analyzer (Applied Biosystems). The 500LIZ size standard 
(Applied Biosystems) was used to accurately determine the size of 
the fragments and allelic variation. Fragments were analyzed with 
the software GeneMapper v5 (Applied Biosystems).
2.4 | Data analysis
Prior to any statistical analysis, extensive data quality checks were 
performed on the SNPs to ensure good clustering and low levels of 
missing data (<30%). Twenty-four of the SNPs did not pass the qual-
ity checks, leaving the final dataset to consist of 82 SNPs. Individuals 
missing ≥50% of genotype calls were excluded from the analysis.
Summary statistics, sample size, observed and expected hetero-
zygosity, as well as inbreeding coefficient (FIS) were computed using 
the packages adegenet and hierfstat (Goudet, 2005; Jombart, 2008) 
as implemented in R. Hardy–Weinberg equilibrium (HWE) tests 
were conducted for each sample and locus combination using the 
package pegas (Paradis, 2010) in R, using 1,000 Monte Carlo per-
mutations. Statistical significance was assessed after post hoc 
sequential Bonferroni correction (Holm, 1979). Potential linkage dis-
equilibrium (LD) between all locus pairs per population as well as 
across all populations was examined using the program GENEPOP 7 
(Rousset, 2008) with 10,000 steps of dememorization, 100 batches, 
and 5,000 iterations per batch. As with HWE, significance was as-
sessed after Bonferroni correction. All population structure analyses 
were conducted with the SNPs, while the microsatellite dataset was 
only used for genetic diversity analyses by calculating the number of 
alleles and allelic richness per sample using the hierfstat R package.
The following analyses were conducted with the SNP dataset 
only. To test if loci deviated from neutrality, outlier analyses were 
conducted using LOSITAN (Antao, Lopes, Lopes, Beja-Pereira, & 
Luikart, 2008), BayeScan (v.2.1; Foll and Gaggiotti (2008)), and 
PCAdapt (Luu, Bazin, & Blum, 2017). Following a consensus ap-
proach, only those loci marked as under selection by at least two 
programs were treated as outliers. BayeScan was run by setting 
sample size to 10,000 and the thinning interval to 50 as suggested 
by Foll and Gaggiotti (2008). Loci with a posterior probability over 
0.99 were retained as outliers, corresponding to a Bayes factor > 2 
(i.e., “decisive selection” (Foll & Gaggiotti, 2006)). In LOSITAN, a 
neutral distribution of FST with 100,000 iterations was simulated, 
with forced mean FST at a significance level of .05 under an infinite 
alleles model. The third approach was based on the allele frequency 
method implemented in PCAdapt, in which population structure is 
first assessed via PCA, and outliers are thereafter detected with 
respect to how they relate to population structure. Cattell's scree 
F I G U R E  2   Example photographs of ballan wrasse phenotypes. The upper row shows examples of Scandinavian plain spotted and 
intermediate fish (caught in Flødevigen, Norway), while the lower row shows plain and spotted fish from Galicia, Spain
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test (Cattell, 1966) was used to select the number of principal com-
ponents (K) to identify SNPs deviating from neutrality.
Bayesian clustering analysis was carried out in STRUCTURE 
v.2.3.4 (Pritchard, Stephens, & Donnelly, 2000) using an admix-
ture model and correlated allele frequency without population 
information. The analysis was conducted using the program 
ParallelStructure which speeds up analytical time by dispersing 
runs onto multiple processors in tandem (Besnier & Glover, 2013). 
Ten runs with a burn-in of 100,000 and 1,000,000 Markov chain 
Monte Carlo (MCMC) iterations were performed for K = 1–5. To 
determine the most likely number of genetic clusters within the 
data, STRUCTURE output was analyzed using two approaches. 
The ad hoc summary statistic ΔK and mean LnP(K) of Evanno, 
Regnaut, and Goudet (2005) were calculated; in addition, four al-
ternative statistics (MedMed, MedMean, MaxMed, and MaxMean) 
were estimated using StructureSelector (Li & Liu, 2018). Finally, 
the ten iterations of the selected Ks were averaged with CLUMPP 
v.1.1.1 (Jakobsson & Rosenberg, 2007) using the FullSearch algo-
rithm and the G' pairwise matrix similarity statistic and graphically 
displayed using bar plots. Genetic clustering was also visual-
ized using discriminant analysis of principal components (DAPC; 
Jombart, Devillard, and Balloux (2010)) in adegenet, with grouping 
based on sampling locations. The number of principal components 
kept was determined from the number of PCAs needed to explain 
more than 80% of the variation. Genetic structure was assessed 
both using the total suite of SNP markers and using only the pu-
tative neutral loci (Figures S6 and S7). Additionally, STRUCTURE 
was also run separately for each location with phenotype sorted 
samples at K = 2. Pairwise FST matrices (Nei, 1987) were calculated 
in Arlequin v.3.5.1.2 (significance estimated after 10,000 permu-
tations; Excoffier, Laval, & Schneider, 2005; Excoffier & Lischer, 
2010).
A geographic cline analysis was conducted of the Scandinavian 
samples using the R package HZAR (Derryberry, Derryberry, Maley, 
& Brumfield, 2014) over a 1,500-km transect starting in Sauhestøya, 
Norway, and finishing in Gothenburg, Sweden (i.e., from 64.783 N 
to 57.691 N; Figure 1). The fifteen models implemented in HZAR 
were fitted to the normalized loading on the first principal compo-
nent analysis (PCA) axis both based on the panel of 82 SNPs and to 
the allele frequency of every individual locus to determine the posi-
tion, width, and shape of clines over the total geographic distance. 
The reference cline was built using STRUCTURE Q-score for the 
total dataset and, in both cases, the best cline model was decided 
upon AIC scores. Clines were considered significantly displaced if 
the two log-likelihood unit support limits of the cline center did not 
overlap with the STRUCTURE Q-score (Qb = 1 − Qs).
Isolation-by-distance (IBD) analysis was computed for the entire 
Scandinavian dataset as well as within the clusters detected by pair-
wise FST and STRUCTURE conducted using the R packages adegenet 
and ade4 (Dray & Dufour, 2007). Nei's genetic distance was calcu-
lated by adegenet, while geographic distance was approximated by 
following the coastline in Google Maps.
3  | RESULTS
The final dataset consisted of 1,025 individuals from 19 locations 
genotyped for 82 SNPs, and a subset of 513 individuals from 8 loca-
tions genotyped for 19 microsatellites. In addition, 325 individuals 
from five locations were also phenotype sorted (spotty and plain). 
It is important to note that microsatellites were only genotyped to 
provide supplementary information on genetic variation in some of 
the samples, that is, number of alleles and allelic richness.
Out of the 82 SNP loci, five deviated from HWE, and eight dis-
played pairwise LD. Only one locus deviated in these parameters in 
more than one sampling location; that is, BaWr40 departed from 
HWE in Flødevigen and Flatanger, and thus, all loci were kept in all 
subsequent analyses. Overall observed heterozygosity was similar 
across sampling locations for SNPs (Table 1), with values ranging from 
0.375 to 0.426 in Scandinavia, and 0.385 for the Galician sample.
TA B L E  2   Summary statistics for the microsatellite data subset: Number of sampled individuals (N), number of alleles (NA) per sampling 
location, allelic richness (AR), number of loci deviating from Hardy–Weinberg expectations (HWE) and locus pairs in linkage disequilibrium 
(LD), expected and observed heterozygosity (He, Ho), and inbreeding coefficient (FIS). Numbers in parentheses after sequential Bonferroni 
corrections (B). Galician sample listed both as total sample and as sorted by phenotype (Plain/Spotted)
Area
Sampling 
location N NA AR
HWE 
(B) LD (B) He Ho FIS
NW Vestnes 85 99 4.3 3 (2) 11 (0) 0.566 0.540 0.059
Hardanger 38 72 3.8 2 (0) 5 (0) 0.567 0.525 −0.016
Austevoll 88 94 4.0 2 (1) 10 (0) 0.544 0.536 0.023
SE Flødevigen 102 92 3.9 3 (3) 9 (0) 0.513 0.512 −0.001
Hvaler 22 69 3.8 1 (1) 6 (0) 0.538 0.493 −0.004
Strömstad 44 81 3.9 1 (1) 9 (0) 0.515 0.497 0.047
Gothenburg 50 84 4.0 3 (1) 10 (0) 0.521 0.508 0.035
SP Galicia, Spain 89 139 5.9 3 (1) 17 (1) 0.629 0.620 0.023
Galicia Plain 48 127 5.9 1 (1) 17 (0) 0.638 0.640 0.002
Galicia Spotted 41 121 5.7 2 (0) 10 (1) 0.600 0.600 0.022
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For microsatellites (Table 2), the total number of alleles (NA) and 
allelic richness (AR) per sample in Scandinavia ranged from 69 to 
99 (mean = 84) and 3.8 to 4.0 (mean = 4.0), respectively. In Galicia, 
values were considerably higher (NA = 139, AR = 5.9), thus showing 
greater genetic diversity in southern latitudes. This was also re-
flected in the higher estimate of heterozygosity for the microsatel-
lites in the Galician sample (0.620) versus the values in Scandinavia 
(0.493–0.540, mean 0.516).
3.1 | Outlier tests
The three approaches implemented to detect outlier SNPs pro-
duced three consensus loci (BaWr-46, BaWr-60, and BaWr-82) 
across the 18 locations in Scandinavia (between northwestern 
[NW] and southeastern [SE]) and four between the phenotypic 
groups in Galicia (BaWr-22, BaWr-32, BaWr-58, and BaWr-97). 
Pairwise FST analysis, STRUCTURE analysis, and DAPC were 
conducted both with and without outliers and because only mar-
ginal differences in the results were observed between the two 
sets of loci (Figure S2), all markers were retained for subsequent 
analyses.
3.2 | Genetic differentiation and allele 
frequency patterns
Genetic differentiation among the Scandinavian samples was 
small to moderate with pairwise FST values ranging from 0.001 to 
0.041 for the 82 SNPs (Table 3). Two distinct significantly differ-
entiated genetic clusters were observed representing NW and SE 
Scandinavia (Table 3). An exception to this was the NW sample 
F I G U R E  3   Examples of allele frequencies of SNP markers for ballan wrasse (Labrus bergylta) that display clear allele frequency trends: 
(a) between Scandinavia and Galicia, (b) with latitude, (c) for Scandinavian outlier loci, (d) for Galician outlier loci, and (e) for Galician outlier 
loci in all morphotype split locations (ordered by latitude and phenotype; initial uppercase letter following sampling location code indicates 
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from Årdal (N = 22) that showed weak but nonsignificant differen-
tiation (pairwise FST = 0.001–0.007) toward the sampling locations 
in the SE cluster. Within the two clusters, much smaller and non-
significant pairwise FST values were observed, ranging from 0.001 
to 0.009. Between samples from Scandinavia and Galicia, large 
significant genetic differentiation was observed, with all pairwise 
FST values ranging from 0.106 to 0.148 (Table 3). Slightly larger ge-
netic differentiation was observed between samples within the SE 
Scandinavian cluster and Galicia (pairwise FST = 0.139–0.148), than 
between samples within the NW Scandinavian cluster and Galicia 
(pairwise FST = 0.106–0.144).
Six SNPs showed a low or very low frequency of one allele in 
all samples in Scandinavia yet a high or very high frequency of the 
same allele in the Galician samples (Figure 3a). Several SNPs also 
displayed variation in allele frequencies along the north–south gradi-
ent in Scandinavia (Figure 3b). Additionally, the Scandinavian outlier 
loci showed major variation in allele frequencies between the two 
Scandinavian clusters (Figure 3c), while little variation was found for 
the Galician outlier loci for both Scandinavian samples and pheno-
types (Figure 3d,e).
Analysis of IBD showed that genetic differentiation (FST/1−FST) 
increased with increasing distance through the entire Scandinavian 
study area (Figure 4a). A week IBD relationship was also observed 
within NW (Figure 4b), while no such relationship could be found 
within the SE cluster (Figure 4c).
3.3 | Clustering analysis and DAPC
Both ΔK and mean LnP(K) (Evanno et al., 2005) and the four alterna-
tive statistics of StructureSelector (MedMed, MedMean, MaxMed, 
and MaxMean; Li & Liu, 2018) indicated K = 3 as the most likely num-
ber of clusters within the entire dataset including samples from both 
Scandinavia and Galicia. When running STRUCTURE at K = 3, indi-
viduals were assigned to two clusters within Scandinavia and a third 
representing Galicia (Figure 5). Clusters within Scandinavia largely 
represent the NW and SE clusters also observed by pairwise FST, with 
a distinct break located between Årdal and Mandal in southwestern 
Norway (Figure 1). Despite this clear break, some individuals from 
both areas (NW and SE) were assigned to the opposite genetic cluster.
Results from the DAPC supported observations above 
(Figure 6a). The first principal component (PC1) separated Galicia 
and Scandinavia, while the second principal component (PC2) 
separated Scandinavian samples into the NW and the SE clusters 
(Figure 6a). The removal of the Galician samples further highlighted 
the differentiation between Scandinavian clusters (Figure 6b).
Both Structure and DAPC were conducted with and without the 
three SNPs putatively identified as under selection. The removal of 
these SNPs had a very minor influence on the resolution of genetic 
differentiation, although both of the analyses performed without 
these three SNPs gave slightly weaker population resolution (Figures 
S1 and S2).
F I G U R E  4   Isolation by distance (IBD) 
for ballan wrasse (Labrus bergylta) for (a) 
entire sampled transect from Sauhestøya 
to Gothenburg, (b) northwestern 
Scandinavia (Sauhestøya to Austevoll), 
and (c) southeastern Scandinavia (Mandal 
to Gothenburg)
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3.4 | Cline analysis
The reference cline based on the STRUCTURE Q-score fitted a fixL 
model with the center situated at 874 km from Sauhestøya and 
showing a width of 139 km (Figure 7). This area corresponds to the 
Jæren coastline and surrounding areas, approximately splitting the 
Scandinavian dataset into NW and SE components as for all other 
analyses described above. Out of the 82 SNPs tested, 46 did not 
fit any of the 15 cline modes as their allele frequencies were sta-
ble throughout the 1,500-km transect separating Sauhestøya and 
Gothenburg. In contrast, the remaining 36 SNPs showed clines with 
centers ranging between 295 and 1,386 km from the starting point 
(see Figure S3 and Table S5 for full details). Seven of the cline centers 
were found to overlap with the reference cline (Figure S3) with one 
of these markers, BaWr-46, identified as an outlier putatively under 
selection within Scandinavia.
F I G U R E  5   STRUCTURE bar plots (82 SNPS; K = 3) for ballan wrasse (Labrus bergylta) sampled at 19 locations in Scandinavia and Galicia, 
Spain. Vertical bars represent individuals, and coloration indicates assignment probability to each of the three genetic clusters. STRUCTURE 
analysis was also conducted without three outlier loci with no change in overall clustering (Figure S1 in Appendix S1)
F I G U R E  6   Discriminant analysis of principal components (DAPC) of ballan wrasse (Labrus bergylta) sampled at 18 locations in Scandinavia 
and in Galicia, Spain, genotyped for 82 SNPs with 60 principal components kept. Plot A showing all samples and B showing Scandinavian 
samples only. Projected inertia % for the axes: A: PC1 5.1% and PC2 3.0%; and B: PC1 3.4% and PC2 2.4%. Color indicates sampling location. 
Shading of DA eigenvalues indicates DAs kept. DAPCs were also conducted without three outlier loci with little change in clustering (Figure 
S3 in Appendix S1)
F I G U R E  7   Geographic cline analysis 
for ballan wrasse (Labrus bergylta) across a 
1,500-km transect along the Scandinavian 
coast from Sauhestøya in Trøndelag, 
Norway, to Gothenburg, Sweden. Cline 
fitting the STRUCTURE Q-score, with the 
center of the cline depicted by a vertical 
dashed line and the width highlighted in 
green
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3.5 | Genetic differentiation and Bayesian 
clustering of phenotype sorted samples
Moderately large and highly significant genetic differentiation was 
observed between the sympatric spotty and plain wrasse sampled in 
Galicia, as revealed by the 82 SNPs (pairwise FST = 0.025, p < .001; 
Table 3). This was also reflected in the DAPC (Figure 6a). In stark 
contrast however, no genetic differentiation was revealed among 
spotty, intermediate, or plain phenotypes in any of the Scandinavian 
samples (pairwise FST: Smo < 0.001, p = .687; Flod < 0.001, p = .665; 
Str = 0.001, p = .453; Got = 0.013, p = .036; Table S6).
Of the STRUCTURE runs (K = 2) for each of the phenotype sorted 
samples, only plain and spotty Galician phenotypes showed distinct 
clustering when genotyped for SNPs (Figure 8). For Scandinavian 
samples, no separation of phenotype was observed (Figure S4).
4  | DISCUSSION
This study presents the most extensive analysis of population ge-
netic structure in ballan wrasse thus far. We identified two distinct 
genetic clusters splitting populations in NW and SE Scandinavia and 
discovered very large genetic differences between all Scandinavian 
and Galician samples. The split in Scandinavia was located in south-
western Norway across a region that also includes sandy beaches, 
representing a habitat discontinuity for this species. Finally, sympa-
tric plain and spotty phenotypes were genetically distinct in Galicia, 
but not in Scandinavia.
4.1 | Genetic break in Scandinavia
A distinct break in population genetic structure was observed in 
Scandinavia, splitting ballan wrasse into NW and SE clusters. This 
break is located on the coast of southern Rogaland, in southwest-
ern Norway, an area of coastline defined by the longest continu-
ous stretch of sandy bottom substrate along the Norwegian coast 
(the Jæren beaches; ~26 km; Blanco Gonzalez, Knutsen, and Jorde 
(2016)). This sandy bottom would function as a habitat discontinuity 
for this species and is likely to be a major reason for the observed ge-
netic break. Ballan wrasse have a strong preference for rocky habi-
tats, and hard-bottom substrates are necessary for them to lay their 
sticky benthic eggs (Darwall et al., 1992; Quignard & Pras, 1986; 
Villegas-Ríos, Alós, et al., 2013). Genetic breaks in fish populations 
associated with discontinuities in rocky substrates by sandy areas 
have been described previously (e.g., Bernardi (2000), Riginos and 
Nachman (2001)). In particular, a similar break in the population ge-
netic structure of the corkwing wrasse has also been observed at 
this exact location in Norway (Blanco Gonzalez et al., 2016; Faust 
et al., 2018; Mattingsdal et al., 2020), as well as in the hard-bottom 
associated kelp Laminaria hyperborea (Evankow et al., 2019). It should 
be noted that for corkwing wrasse, the genetic break across the 
beaches of Jæren aligns with considerable differences in life-history 
traits and has important implications for management (Halvorsen 
et al., 2016). Therefore, investigations of life-history traits in ballan 
wrasse could yield a deeper understanding of the biological conse-
quences of the observed genetic barrier.
A result that should be noted is linked to the sample from Årdal 
in the NW cluster. This sample was not genetically distinct from 
any of the other Scandinavian sampling locations. Whether this is 
caused by Årdal being a very small sample (i.e., by chance), close to 
the center of the break between the two main genetic clusters, or 
whether this is due to aquaculture practice is not known and cannot 
be determined based on the current dataset. Future studies would 
benefit from including multiple other samples from areas close to the 
genetic break, and new markers designed to distinguish between the 
genetic clusters identified here and potential hybridization between 
them.
4.2 | Colonization of Scandinavia
The majority of the North Sea was covered by an ice sheet during the 
last glacial maximum (LGM; Lambeck, 1995; Shennan et al., 2000). 
F I G U R E  8   STRUCTURE bar plot (82 SNPs; K = 2) of Galician ballan wrasse (Labrus bergylta) phenotypes including example photographs 
of plain and spotted fish
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Thus, with most northern European habitats unavailable during the 
LGM, species currently inhabiting northern European waters must 
have survived in glacial refugia. For ballan wrasse, areas along the 
Iberian and North African coasts could have served such a purpose 
as these areas upheld surface temperatures within the species ther-
mal limits during the LGM (Almada et al., 2017; Almada, Almada, 
Francisco, Castilho, & Robalo, 2012). In addition, multiple possible 
glacial refugia have been proposed for other marine species, such as 
around the British Isles (Almada et al., 2012) and even in some parts 
of the North Sea (Gysels, Hellemans, Pampoulie, & Volckaert, 2004; 
Robalo et al., 2011). The observed differences in genetic variation 
and degree of genetic differentiation between ballan wrasse in 
different parts of Europe may therefore in part be caused by re-
colonization from different glacial refugia as proposed by Almada 
et al. (2017).
A decrease in mtDNA nucleotide and haplotype diversity was 
found by D'Arcy, Mirimin, and FitzGerald (2013) when comparing 
ballan wrasse from southern Norway to Great Britain (GB), and by 
Almada et al. (2017) when comparing ballan wrasse from south-
ern Norway to GB and continental Europe (France and western 
Iberia) as well as the Azores. In the current study, all Scandinavian 
samples displayed significantly less genetic diversity for micro-
satellites in both the total number of alleles and allelic richness 
in comparison with the sample from Galicia. Therefore, data from 
previous studies and the present study collectively suggest that 
Scandinavian ballan wrasse populations have undergone founder 
effect(s) and possibly subsequent bottlenecks during the pro-
cess(es) of colonization from southern latitudes. This is consistent 
with observations from corkwing wrasse (Knutsen et al., 2013; 
Robalo et al., 2011) that has a similar ecology and biology to bal-
lan wrasse.
As ballan wrasse is a coastal species that displays a strong affili-
ation to rocky substrates, colonization of Scandinavia from southern 
latitudes would most likely have followed the coastline northward. 
This suggests that colonization could have followed the coastline of 
mainland Europe to Scandinavia and northward, or alternatively, via 
the British Isles and across the North Sea to western Norway and 
thereafter both northward and southward in Scandinavia. The latter 
has been proposed as the main route of colonization of Scandinavia 
for the corkwing wrasse (Knutsen et al., 2013; Mattingsdal 
et al., 2020). Our data also suggest this to be most likely for ballan 
wrasse as we observed greater genetic differentiation between SE 
Scandinavia and Galicia than between NW Scandinavia and Galicia. 
This also fits better with climatological records which show that 
western Norway was probably available prior to Skagerrak and 
other areas in eastern Scandinavia (Stroeven et al., 2016), and geo-
logical records, showing that the English channel and large areas of 
the North Sea was dry land during and immediately following the 
LGM (Lambeck, 1995; Shennan et al., 2000). In order to clarify this, 
future studies of ballan wrasse need to encompass samples from the 
entire distribution range, especially the British Isles and Denmark to 
Atlantic France.
4.3 | Phenotypic and genetic variation
In Galicia, sympatric spotty and plain phenotypes have been shown 
to display overlapping yet differing life-history strategies, with plain 
fish investing more in reproduction while spotty fish invest more 
in growth (Villegas-Ríos, Alonso-Fernández, Fabeiro, et al., 2013). 
These observations indicate that the two phenotypes represent dif-
ferent genetic groups that have even been suggested to be poten-
tially different subspecies (Quintela et al., 2016; Villegas-Ríos, 2013). 
Quintela et al. (2016) reported a weak but significant genetic differ-
entiation between sympatric plain and spotty phenotypes of ballan 
wrasse in Galicia using microsatellites. The results of our study have 
expanded upon this previous work by analyzing phenotyped sam-
ples from multiple locations with a panel of SNPs developed here. 
For the Galician samples, the 82 SNPs revealed clear genetic differ-
entiation between both phenotypes (FST = 0.025; Table 3). As such, 
the present study provides the most compelling evidence yet that 
in the southern part of its distribution range, spotty and plain ballan 
wrasse represent distinct groups. However, and in stark contrast, no 
genetic differentiation was detected between the sympatric spotty 
and plain phenotypes in any of the four Scandinavian samples where 
this was investigated (see Table 1 for locations).
Previous authors have suggested that the two sympatric 
phenotypes in Galicia could be maintained through assortative 
mating (Villegas-Ríos, Alonso-Fernández, Domínguez-Petit, et al., 
2013). It is also possible that other mechanisms are at play; for ex-
ample, the two phenotypes may spawn at subtly different times 
or areas or that the two phenotypes have selective advantages 
in different parts of the environment. Whatever the underlying 
mechanisms, a significant question is why they are at play in the 
southern range of this species, but not in Scandinavia? Spot pat-
terns in fish may be both environmentally and genetically deter-
mined (Jørgensen et al., 2018; Kause, Ritola, Paananen, Eskelinen, 
& Mantysaari, 2003; Skaala & Jørstad, 1987), and as such, differ-
ences in abiotic factors may result in less spotty fish in northern 
latitudes. Furthermore, although the two phenotypes are pres-
ent in Scandinavia (Villegas-Ríos, Alonso-Fernández, Fabeiro, 
et al., 2013), phenotypic variation was observed to be less dis-
tinct than in Galicia, with a third intermediate category also 
present. Therefore, it is theoretically possible that differences 
in environmental conditions between Scandinavia and Galicia 
may subtly modify spotting patterns or other trait characteristics 
of these two phenotypes in the southern latitudes, so that the 
mechanisms holding them distinct in the south are not at play 
in Scandinavia. Accordingly, if the two phenotypes are somehow 
maintained through a selective advantage to a habitat in Galicia 
that is not present in Scandinavia, the differentiation between 
the phenotypic groups and associated genetic groups would 
collapse. Further studies using reciprocal crossing experiments 
under different environmental conditions, as has been done in 
Atlantic salmon (Jørgensen et al., 2018), could be used to disen-
tangle this issue.
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4.4 | Management implications
The management of wrasse in Scandinavia is currently facing two 
major challenges, both linked to their extensive use as cleaner 
fish to delouse farmed salmonids in sea-cages. These challenges 
include the sustainable harvest of wild populations to provide 
cleaner fish for the aquaculture industry, and the potential aqua-
culture-driven inadvertent translocation of wrasse from southern 
Norway and Sweden to western and middle Norway. Results from 
the present study are highly relevant in order to address both 
these issues.
We observed a distinct genetic difference between ballan wrasse 
in SE and NW Scandinavia. Therefore, our data clearly demonstrate 
that the inadvertent translocation of wrasse, via current aquaculture 
practice, from Sweden and southern Norway to western and middle 
Norway, will result in mixing fish from highly distinct genetic groups 
(and potentially phylogenetic lineages). Therefore, this aquaculture 
practice requires revision in light of our data. Studies of other spe-
cies of wrasse subjected to the same aquaculture-driven harvest 
and translocation regimes have indicated escapes and potential hy-
bridization between translocated individuals and local populations 
(Faust et al., 2018; Jansson et al., 2017). However, while the genetic 
markers implemented here provided a clear picture of population 
genetic structure between NW and SE Scandinavia, they do not 
provide enough statistical power to accurately identify potential 
escaped fish or hybrids sampled in the middle part of Norway. In 
corkwing wrasse, several thousand SNPs were screened to develop 
population-diagnostic loci that could accurately identify escapees, 
hybrids, and backcrosses (Faust et al., 2018). We therefore suggest 
that a more comprehensive set of genetic markers is required to in-
vestigate the degree to which translocated ballan wrasse survive 
and hybridize with local wild populations.
Harvest of wild wrasses has dramatically risen in Norway 
and Sweden (Norwegian Directorate of Fisheries, n.d.; Rueness 
et al., 2019) in order to meet the aquaculture industry's demand 
for cleaner fish. This sudden increase in exploitation of a previously 
noncommercial species raises the question of sustainability and 
potential extinction of local populations (Halvorsen et al., 2017). 
Failure to take the spatial and temporal extent of populations into 
account when harvesting living resources can lead to differential 
exploitation and potentially overexploitation (Allendorf, England, 
Luikart, Ritchie, & Ryman, 2008; Kerr et al., 2017). The concern that 
labrids, and especially ballan wrasse, are disappearing from multiple 
areas in Norway have already been raised both by the public and 
by fishermen that report having to move to new fishing locations 
as catches decline (Grefsrud et al., 2018). This suggests that ballan 
wrasse are very stationary, which has also been shown in studies of 
site fidelity in Galicia (Mucientes et al., 2019). The data presented 
here show some evidence of genetic structuring within the SE and 
NW Scandinavian clusters. This needs further investigation, combin-
ing biological, fishery and genetic data, in order to better understand 
connectivity within regions, and thus the potential for exhaustion of 
local populations.
In Galicia, the two phenotypic groups are already sold and mar-
keted separately (Villegas-Ríos, Alonso-Fernández, Fabeiro, et al., 
2013) and are therefore likely subject to different fishing pressures. 
The findings of this study could thus be used as a scientific basis for 
upholding this practice, and as a basis for the future management of 
these two groups as separate stocks.
ACKNOWLEDG MENTS
We would like to acknowledge colleagues Kjell Nedraas and Håkon 
Otterå for some of the samples used here, as well as the efforts of 
commercial fishermen. This study was financed by the Norwegian 
Department for Industry and Fisheries, the Norwegian Research 
Council project “Ecogenome,” and the Swedish Research Council 
FORMAS.
CONFLIC T OF INTERE S T
None declared.
AUTHOR CONTRIBUTIONS
Gaute W. Seljestad: Data curation (lead); Formal analysis (lead); 
Investigation (lead); Visualization (lead); Writing-original draft (lead); 
Writing-review & editing (lead). María Quintela: Formal analysis 
(supporting); Resources (supporting); Supervision (supporting); 
Writing-review & editing (supporting). Ellika Faust: Resources (sup-
porting); Writing-review & editing (supporting). Kim T. Halvorsen: 
Resources (supporting); Writing-review & editing (supporting). 
François Besnier: Formal analysis (supporting); Writing-review 
& editing (supporting). Eeva Jansson: Investigation (supporting); 
Resources (supporting); Writing-review & editing (supporting). Geir 
Dahle: Data curation (supporting); Formal analysis (supporting); 
Writing-review & editing (supporting). Halvor Knutsen: Funding 
acquisition (supporting); Writing-review & editing (supporting). Carl 
André: Funding acquisition (supporting); Resources (supporting); 
Writing-review & editing (supporting). Arild Folkvord: Supervision 
(supporting); Writing-review & editing (supporting). Kevin A. Glover: 
Conceptualization (lead); Project administration (lead); Supervision 
(lead); Writing-original draft (supporting); Writing-review & editing 
(supporting).
DATA AVAIL ABILIT Y S TATEMENT
The raw data underlying the main results for this study are archived 
and available in Dryad at https://doi.org/10.5061/dryad.3n5tb 2rdd.
ORCID
Gaute W. Seljestad  https://orcid.org/0000-0003-2169-5027 
R E FE R E N C E S
Agena Bioscience. (n.d.). iPLEX Reagents User Guide. Retrieved from 
https://agena cx.com/wp-conte nt/uploa ds/2017/12/iPLEX -Pro-
Reage nts-User-Guide -1.pdf
Allendorf, F. W., England, P. R., Luikart, G., Ritchie, P. A., & Ryman, N. 
(2008). Genetic effects of harvest on wild animal populations. Trends 
in Ecology and Evolution, 23(6), 327–337. https://doi.org/10.1016/j.
tree.2008.02.008
     |  6133SELJESTAD ET AL.
Allsop, D. J., & West, S. A. (2004). Sex-ratio evolution in sex 
changing animals. Evolution, 58(5), 1019–1027. https://doi.
org/10.1111/j.0014-3820.2004.tb004 35.x
Almada, F., Francisco, S. M., Lima, C. S., Fitzgerald, R., Mirimin, L., 
Villegas-Ríos, D., … Robalo, J. I. (2017). Historical gene flow con-
straints in a northeastern Atlantic fish: Phylogeography of the bal-
lan wrasse Labrus bergylta across its distribution range. Royal Society 
Open Science, 4(2), 160773.
Almada, V. C., Almada, F., Francisco, S. M., Castilho, R., & Robalo, 
J. I. (2012). Unexpected high genetic diversity at the ex-
treme northern geographic limit of Taurulus bubalis (Euphrasen, 
1786). PLoS ONE, 7(8), e44404. https://doi.org/10.1371/journ 
al.pone.0044404
André, C., Larsson, L. C., Laikre, L., Bekkevold, D., Brigham, J., Carvalho, 
G. R., … Ryman, N. (2011). Detecting population structure in a high 
gene-flow species, Atlantic herring (Clupea harengus): Direct, simul-
taneous evaluation of neutral vs putatively selected loci. Heredity, 
106(2), 270–280. https://doi.org/10.1038/hdy.2010.71
Antao, T., Lopes, A., Lopes, R. J., Beja-Pereira, A., & Luikart, G. (2008). 
LOSITAN: A workbench to detect molecular adaptation based on a 
FST-outlier method. BMC Bioinformatics, 9(1), 323.
Bernardi, G. (2000). Barriers to gene flow in Embiotoca jacksoni, a marine 
fish lacking a pelagic larval stage. Evolution, 54(1), 226–237.
Besnier, F., & Glover, K. A. (2013). ParallelStructure: A R package 
to distribute parallel runs of the population genetics program 
STRUCTURE on multi-core computers. PLoS ONE, 8(7), 1–5. https://
doi.org/10.1371/journ al.pone.0070651
Bjordal, Å. (1988). Cleaning symbiosis between wrasse 
(Labridae) and lice infested salmon (Salmo salar) in mariculture. ICES, 
188(17), 1–8.
Blanco Gonzalez, E., & de Boer, F. (2017). The development of the 
Norwegian wrasse fishery and the use of wrasses as cleaner fish in 
the salmon aquaculture industry. Fisheries Science, 83(5), 661–670. 
https://doi.org/10.1007/s1256 2-017-1110-4
Blanco Gonzalez, E., Knutsen, H., & Jorde, P. E. (2016). Habitat discon-
tinuities separate genetically divergent populations of a rocky shore 
marine fish. PLoS ONE, 11(10), 1–17.
Cattell, R. B. (1966). The Scree test for the number of factors. Multivariate 
Behavioral Research, 1(2), 245–276. https://doi.org/10.1207/s1532 
7906m br0102_10
D’Arcy, J. (2013). Studies on the biology of the ballan wrasse, Labrus berg-
ylta. Galway, Ireland: NUI Galway.
D’Arcy, J., Mirimin, L., & FitzGerald, R. (2013). Phylogeographic structure 
of a protogynous hermaphrodite species, the ballan wrasse Labrus 
bergylta, in Ireland, Scotland, and Norway, using mitochondrial 
DNA sequence data. ICES Journal of Marine Science, 70(3), 685–693. 
https://doi.org/10.1093/icesj ms/fst018
Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, 
M. A., … Durbin, R. (2011). The variant call format and VCFtools. 
Bioinformatics, 27(15), 2156–2158. https://doi.org/10.1093/bioin 
forma tics/btr330
Darwall, W. R. T., Costello, M. J., Donnelly, R., & Lysaght, S. 
(1992). Implications of life-history strategies for a new wrasse 
fishery. Journal of Fish Biology, 41, 111–123. https://doi.
org/10.1111/j.1095-8649.1992.tb038 73.x
Derryberry, E. P., Derryberry, G. E., Maley, J. M., & Brumfield, R. T. (2014). 
HZAR: Hybrid zone analysis using an R software package. Molecular 
Ecology Resources, 14(3), 652–663.
Dipper, F. A., Bridges, C. R., & Menz, A. (1977). Age, growth and feed-
ing in the ballan wrasse Labrus bergylta Ascanius 1767. Journal of Fish 
Biology, 11, 105–120. https://doi.org/10.1111/j.1095-8649.1977.
tb041 03.x
Dipper, F. A., & Pullin, R. S. V. (1979). Gonochorism and sex-inversion in 
British Labridae (Pisces). Journal of Zoology, 187, 97–112. https://doi.
org/10.1111/j.1469-7998.1979.tb077 16.x
Dray, S., & Dufour, A. B. (2007). The ade4 package: Implementing the 
duality diagram for ecologists. Journal of Statistical Software, 22(4), 
1–20.
Espedal, P. G., Glover, K. A., Horsberg, T. E., & Nilsen, F. (2013). 
Emamectin benzoate resistance and fitness in laboratory reared 
salmon lice (Lepeophtheirus salmonis). Aquaculture, 416–417, 111–118. 
https://doi.org/10.1016/j.aquac ulture.2013.09.001
Evankow, A., Christie, H., Hancke, K., Brysting, A. K., Junge, C., Fredriksen, 
S., & Thaulow, J. (2019). Genetic heterogeneity of two bioeconomi-
cally important kelp species along the Norwegian coast. Conservation 
Genetics, 20, 615–628. https://doi.org/10.1007/s1059 2-019-01162 -8
Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number 
of clusters of individuals using the software structure: A sim-
ulation study. Molecular Ecology, 14(8), 2611–2620. https://doi.
org/10.1111/j.1365-294X.2005.02553.x
Excoffier, L., Laval, G., & Schneider, S. (2005). Arlequin (version 3.0): An 
integrated software package for population genetics data analysis. 
Evolutionary Bioinformatics, 1, 47–50.
Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new 
series of programs to perform population genetics analyses under 
Linux and Windows. Molecular Ecology Resources, 10, 564–567.
Fallang, A., Denholm, I., Horsberg, T. E., & Williamson, M. S. (2005). Novel 
point mutation in the sodium channel gene of pyrethroid-resistant 
sea lice Lepeophtheirus salmonis (Crustacea: Copepoda). Diseases of 
Aquatic Organisms, 65, 129–136. https://doi.org/10.3354/dao06 5129
Fallang, A., Ramsay, J. M., Sevatdal, S., Burka, J. F., Jewess, P., Hammell, 
K. L., & Horsberg, T. E. (2004). Evidence for occurrence of an or-
ganophosphate-resistant type of acetylcholinesterase in strains of 
sea lice (Lepeophtheirus salmonis Krøyer). Pest Management Science, 
60(12), 1163–1170.
FAO. (2018). The state of world fisheries and aquaculture 2018 – Meeting 
the sustainable development goals. Rome, Italy: FAO.
Faust, E., Halvorsen, K. T., Andersen, P., Knutsen, H., & André, C. 
(2018). Cleaner fish escape salmon farms and hybridize with local 
wrasse populations. Royal Society Open Science, 5, 1–12. https://doi.
org/10.1098/rsos.171752
Foll, M., & Gaggiotti, O. (2006). Identifying the environmental factors 
that determine the genetic structure of populations. Genetics, 174, 
875–891. https://doi.org/10.1534/genet ics.106.059451
Foll, M., & Gaggiotti, O. (2008). A genome-scan method to identify se-
lected loci appropriate for both dominant and codominant mark-
ers: A Bayesian perspective. Genetics, 180, 977–993. https://doi.
org/10.1534/genet ics.108.092221
Glover, K. A., Solberg, M. F., McGinnity, P., Hindar, K., Verspoor, E., 
Coulson, M. W., … Svåsand, T. (2017). Half a century of genetic in-
teraction between farmed and wild Atlantic salmon: Status of knowl-
edge and unanswered questions. Fish and Fisheries, 18, 890–927. 
https://doi.org/10.1111/faf.12214
Goudet, J. (2005). HIERFSTAT, a package for R to compute and test hier-
archical F-statistics. Molecular Ecology Notes, 5(1), 184–186. https://
doi.org/10.1111/j.1471-8286.2004.00828.x
Grefsrud, E. S., Glover, K., Grøsvik, B. E., Husa, V., Karlsen, Ø., Kristiansen, 
T., … Svåsand, T. (2018). Risikorapport norsk fiskeoppdrett 2018 (Risk 
Report Norwegian Fish Farming 2018). Fisken og Havet, Særnummer 
1-2018, 166–174 [in Norwegian].
Gysels, E. S., Hellemans, B., Pampoulie, C., & Volckaert, F. A. M. (2004). 
Phylogeography of the common goby, Pomatoschistus microps, 
with particular emphasis on the colonization of the Mediterranean 
and the North Sea. Molecular Ecology, 13(2), 403–417. https://doi.
org/10.1046/j.1365-294X.2003.02087.x
Halvorsen, K. T., Larsen, T., Sørdalen, T. K., Vøllestad, L. A., Knutsen, 
H., & Olsen, E. M. (2017). Impact of harvesting cleaner fish for sal-
monid aquaculture assessed from replicated coastal marine pro-
tected areas. Marine Biology Research, 13(4), 359–369. https://doi.
org/10.1080/17451 000.2016.1262042
6134  |     SELJESTAD ET AL.
Halvorsen, K. T., Sørdalen, T. K., Durif, C., Knutsen, H., Olsen, E. M., 
Skiftesvik, A. B., … Vøllestad, L. A. (2016). Male-biased sexual size 
dimorphism in the nest building corkwing wrasse (Symphodus mel-
ops): Implications for a size regulated fishery. ICES Journal of Marine 
Science, 73(10), 2586–2594.
Holm, S. (1979). A simple sequentially rejective multiple test procedure. 
Scandinavian Journal of Statistics, 6(2), 65–70.
Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: A cluster match-
ing and permutation program for dealing with label switching and 
multimodality in analysis of population structure. Bioinformatics, 
23(14), 1801–1806. https://doi.org/10.1093/bioin forma tics/
btm233
Jansson, E., Quintela, M., Dahle, G., Albretsen, J., Knutsen, H., André, C., 
… Glover, K. A. (2017). Genetic analysis of goldsinny wrasse reveals 
evolutionary insights into population connectivity and potential ev-
idence of inadvertent translocation via aquaculture. ICES Journal of 
Marine Science, 74(8), 2135–2147. https://doi.org/10.1093/icesj ms/
fsx046
Jombart, T. (2008). adegenet: A R package for the multivariate analysis 
of genetic markers. Bioinformatics, 24(11), 1403–1405. https://doi.
org/10.1093/bioin forma tics/btn129
Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of 
principal components: A new method for the analysis of geneti-
cally structured populations. BMC Genetics, 11, 1–15. https://doi.
org/10.1186/1471-2156-11-94
Jørgensen, K. M., Solberg, M. F., Besnier, F., Thorsen, A., Fjelldal, P. G., 
Skaala, Ø., … Glover, K. A. (2018). Judging a salmon by its spots: 
Environmental variation is the primary determinant of spot patterns 
in Salmo salar. BMC Ecology, 18(1), 1–13. https://doi.org/10.1186/
s1289 8-018-0170-3
Kaur, K., Besnier, F., Glover, K. A., Nilsen, F., Aspehaug, V. T., Fjørtoft, H. 
B., & Horsberg, T. E. (2017). The mechanism (Phe362Tyr mutation) 
behind resistance in Lepeophtheirus salmonis pre-dates organophos-
phate use in salmon farming. Nature Scientific Reports, 7(12349), 
1–9.
Kause, A., Ritola, O., Paananen, T., Eskelinen, U., & Mantysaari, E. (2003). 
Big and beautiful? Quantitative genetic parameters for appearance 
of large rainbow trout. Journal of Fish Biology, 62(3), 610–622. https://
doi.org/10.1046/j.1095-8649.2003.00051.x
Kerr, L. A., Hintzen, N. T., Cadrin, S. X., Clausen, L. W., Dickey-Collas, 
M., Goethel, D. R., … Nash, R. D. M. (2017). Lessons learned from 
practical approaches to reconcile mismatches between biological 
population structure and stock units of marine fish. ICES Journal 
of Marine Science, 74(6), 1708–1722. https://doi.org/10.1093/icesj 
ms/fsw188
Knutsen, H., Jorde, P. E., Gonzalez, E. B., Robalo, J., Albretsen, J., & 
Almada, V. (2013). Climate change and genetic structure of leading 
edge and rear end populations in a northwards shifting marine fish 
species, the corkwing wrasse (Symphodus melops). PLoS ONE, 8(6), 
1–11. https://doi.org/10.1371/journ al.pone.0067492
Laikre, L., Schwartz, M. K., Waples, R. S., & Ryman, N. (2010). 
Compromising genetic diversity in the wild: Unmonitored large-scale 
release of plants and animals. Trends in Ecology and Evolution, 25(9), 
520–529. https://doi.org/10.1016/j.tree.2010.06.013
LambeckK. (1995). Late Devensian and Holocene shorelines of the 
British Isles and North Sea from models of glacio-hydro-isostatic 
rebound. Journal of the Geological Society, 152(3), 437–448. http://
dx.doi.org/10.1144/gsjgs.152.3.0437
Li, H. (2010). Mathematical Notes on SAMtools Algorithms (pp. 1–21). 
Retrieved from http://lh3lh3.users.sourc eforge.net/downl oad/
samto ols.pdf
Li, H. (2011). A statistical framework for SNP calling, mutation discovery, 
association mapping and population genetical parameter estimation 
from sequencing data. Bioinformatics, 27(21), 2987–2993. https://
doi.org/10.1093/bioin forma tics/btr509
Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics, 25(14), 1754–1760. 
https://doi.org/10.1093/bioin forma tics/btp324
Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., … 1000 
Genome Project Data Processing Subgroup. (2009). The Sequence 
Alignment/Map format and SAMtools. Bioinformatics, 25(16), 2078–
2079. https://doi.org/10.1093/bioin forma tics/btp352
Li, Y.-L., & Liu, J.-X. (2018). StructureSelector: A web-based software to 
select and visualize the optimal number of clusters using multiple 
methods. Molecular Ecology Resources, 18(1), 176–177.
Ljungfeldt, E. L. R., Espedal, P. G., Nilsen, F., Skern-Mauritzen, M., & Glover, 
K. A. (2014). A common-garden experiment to quantify evolutionary 
processes in copepods: The case of emamectin benzoate resistance 
in the parasitic sea louse Lepeophtheirus salmonis. BMC Evolutionary 
Biology, 14, 1–17. https://doi.org/10.1186/1471-2148-14-108
Luu, K., Bazin, E., & Blum, M. G. B. (2017). pcadapt: An R package to 
perform genome scans for selection based on principal component 
analysis. Molecular Ecology Resources, 17(1), 67–77.
Mattingsdal, M., Jorde, P. E., Knutsen, H., Jentoft, S., Stenseth, N. C., 
Sodeland, M., … Blanco Gonzalez, E. (2020). Demographic history 
has shaped the strongly differentiated corkwing wrasse populations 
in Northern Europe. Molecular Ecology, 29(1), 160–171. https://doi.
org/10.1111/mec.15310
Mucientes, G., Irisarri, J., & Villegas-Ríos, D. (2019). Interannual fine-scale 
site fidelity of male ballan wrasse Labrus bergylta revealed by pho-
to-identification and tagging. Journal of Fish Biology, 95(4), 1151–1155.
Muncaster, S., Norberg, B., & Andersson, E. (2013). Natural sex change in 
the temperate protogynous Ballan wrasse Labrus bergylta. Journal of 
Fish Biology, 82(6), 1858–1870.
Nei, M. (1987). Molecular evolutionary genetics. New York, NY: Columbia 
University Press.
Norwegian Directorate of Fisheries. (n.d.). Fangst av leppefisk. Retrieved 
from https://www.fiske ridir.no/Yrkes fiske /Stati stikk -yrkes fiske /
Fangs t-og-kvote r/Fangs t-av-leppe fisk
Norwegian Directorate of Fisheries. (2019). Statistikk for akvakultur 2018 
(Statistics of Aquaculture 2018). Retrieved from https://www.fiske 
ridir.no/Akvak ultur /Stati stikk -akvak ultur /Stati stisk e-publi kasjo ner/
Stati stikk -for-akvak ultur
Paradis, E. (2010). pegas: An R package for population genetics with 
an integrated-modular approach. Bioinformatics, 26(3), 419–420. 
https://doi.org/10.1093/bioin forma tics/btp696
Powell, A., Treasurer, J. W., Pooley, C. L., Keay, A. J., Lloyd, R., Imsland, 
A. K., & Garcia de Leaniz, C. (2017). Use of lumpfish for sea-lice 
control in salmon farming: Challenges and opportunities. Reviews in 
Aquaculture, 10, 683–702.
Prenter, J., MacNeil, C., Dick, J. T., & Dunn, A. M. (2004). Roles of par-
asites in animal invasions. Trends in Ecology & Evolution, 19(7), 385–
390. https://doi.org/10.1016/j.tree.2004.05.002
Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popula-
tion structure using multilocus genotype data. Genetics, 155, 945–959.
Qiagen. (2016). Quick-start protocol DNeasy® 96 Blood & Tissue Kit. 
Qiagen. Retrieved from www.qiagen.com/HB-2061
Quignard, J. P., & Pras, A. (1986). Labridae. In P. J. P. Whitehead, M. L. 
Bauchot, J. C. Hureau, J. Nielsen, & E. Torronese (Eds.), Fishes of the 
North-eastern Atlantic and the Mediterranean (Vol. II, pp. 919–942). 
Paris, France: UNESCO.
Quintela, M., Danielsen, E. A., Lopez, L., Barreiro, R., Svåsand, T., Knutsen, H., 
… Glover, K. A. (2016). Is the ballan wrasse (Labrus bergylta) two species? 
Genetic analysis reveals within-species divergence associated with plain 
and spotted morphotype frequencies. Integrative Zoology, 11(2), 162–172.
Quintela, M., Danielsen, E. A., Svåsand, T., Knutsen, H., Skiftesvik, A. B., 
& Glover, K. A. (2014). Isolation and characterization of twenty mi-
crosatellite loci for the Ballan wrasse, Labrus bergylta. Conservation 
Genetics Resources, 6(2), 425–428. https://doi.org/10.1007/s1268 
6-013-0114-3
     |  6135SELJESTAD ET AL.
R Core Team. (2018). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Core Team.
Rae, G. H. (2002). Sea louse control in Scotland, past and present. Pest 
Management Science, 58(6), 515–520. https://doi.org/10.1002/ps.491
Riginos, C., & Nachman, M. W. (2001). Population subdivision in marine 
environments: The contributions of biogeography, geographical dis-
tance and discontinuous habitat to genetic differentiation in a blen-
nioid fish, Axoclinus nigricaudus. Molecular Ecology, 10(6), 1439–1453. 
https://doi.org/10.1046/j.1365-294X.2001.01294.x
Robalo, J. I., Castilho, R., Francisco, S. M., Almada, F., Knutsen, H., Jorde, 
P. E., … Almada, V. C. (2011). Northern refugia and recent expan-
sion in the North Sea: The case of the wrasse Symphodus melops 
(Linnaeus, 1758). Ecology and Evolution, 2(1), 153–164.
Rousset, F. (2008). genepop’007: A complete re-implementation of the ge-
nepop software for Windows and Linux. Molecular Ecology Resources, 
8(1), 103–106. https://doi.org/10.1111/j.1471-8286.2007.01931.x
Rueness, E., Berg, P. R., Gulla, S., Halvorsen, K., Järnegren, J., Malmstrøm, 
M., … Velle, G. (2019). Assessment of the risk to Norwegian biodi-
versity from import of wrasses and other cleaner fish for use in 
aquaculture. VKM Report, 15, 1–111. Retrieved from https://vkm.
no/risik ovurd ering er/allev urder inger /miljo risik ovedi mport avren se-
fisk.4.2247e 30316 86ea5 32e04 ad75.html
Shennan, I., Lambeck, K., Flather, R., Horton, B., Mcarthur, J., Innes, J., 
… Wingfield, R. (2000). Modelling western North Sea palaeogeog-
raphies and tidal changes during the Holocene. Geological Society, 
London, Special Publications, 166, 299–319. https://doi.org/10.1144/
GSL.SP.2000.166.01.15
Skaala, Ø., & Jørstad, K. E. (1987). Fine-spotted brown trout (Salmo 
trutta): Its phenotypic description and biochemical genetic variation. 
Canadian Journal of Fisheries and Aquatic Sciences, 44(10), 1775–1780.
Skiftesvik, A. B., Bjelland, R. M., Durif, C. M. F., Johansen, I. S., & Browman, 
H. I. (2013). Delousing of Atlantic salmon (Salmo salar) by cultured vs. 
wild ballan wrasse (Labrus bergylta). Aquaculture, 402–403, 113–118.
Skiftesvik, A. B., Blom, G., Agnalt, A.-L., Durif, C. M. F. F., Browman, 
H. I., Bjelland, R. M., … Mortensen, S. (2014). Wrasse (Labridae) 
as cleaner fish in salmonid aquaculture – The Hardangerfjord as a 
case study. Marine Biology Research, 10(3), 289–300. https://doi.
org/10.1080/17451 000.2013.810760
Skiftesvik, A. B., Durif, C. M. F., Bjelland, R. M., & Browman, H. I. (2015). 
Distribution and habitat preferences of five species of wrasse (Family 
Labridae) in a Norwegian fjord. ICES Journal of Marine Science, 72(3), 
890–899. https://doi.org/10.1093/icesj ms/fsu211
Stroeven, A. P., Hättestrand, C., Kleman, J., Heyman, J., Fabel, D., Fredin, 
O., … Jansson, K. N. (2016). Deglaciation of fennoscandia. Quaternary 
Science Reviews, 147, 91–121. https://doi.org/10.1016/j.quasc 
irev.2015.09.016
Taranger, G. L., Karlsen, Ø., Bannister, R. J., Glover, K. A., Husa, 
V., Karlsbakk, E., … Svåsand, T. (2015). Risk assessment of the 
environmental impact of Norwegian Atlantic salmon farming. ICES 
Journal of Marine Science, 72(3), 997–1021. https://doi.org/10.1093/
icesj ms/fsu132
Taranger, G. L., Svåsand, T., Kvamme, B. O., Kristiansen, T., & Boxaspen, K. 
K. (2014). Risikovurdering norsk fiskeoppdrett 2013 [Risk Assessment 
Norwegian Fish Farming 2013]. Fisken og Havet, Særnummer 2-2014., 
Retrieved from https://www.imr.no/filar kiv/2014/01/risik ovurd 
ering en_2013.pdf/nn-no
Torrissen, O., Jones, S., Asche, F., Guttormsen, A., Skilbrei, O. T., Nilsen, 
F., … Jackson, D. (2013). Salmon lice – Impact on wild salmonids and 
salmon aquaculture. Journal of Fish Diseases, 36(3), 171–194. https://
doi.org/10.1111/jfd.12061
Treasurer, J. W., Wadsworth, S., & Grant, A. (2000). Resistance of sea 
lice, Lepeophtheirus salmonis (Kroyer), to hydrogen peroxide on 
farmed Atlantic salmon, Salmo salar L. Aquaculture Research, 31(11), 
855–860. https://doi.org/10.1046/j.1365-2109.2000.00517.x
Villegas-Ríos, D. (2013). Life-history and behaviour of Labrus bergylta in 
Galicia. Universida de Vigo. Retrieved from http://sfi-cybium.fr/en/
life-histo ry-and-behav iour-labru s-bergy lta-galic ia-0
Villegas-Ríos, D., Alonso-Fernández, A., Domínguez-Petit, R., & Saborido-
Rey, F. (2013). Intraspecific variability in reproductive patterns in the 
temperate hermaphrodite fish, Labrus bergylta. Marine and Freshwater 
Research, 64(12), 1156–1168. https://doi.org/10.1071/MF12362
Villegas-Ríos, D., Alonso-Fernández, A., Fabeiro, M., Bañón, R., & 
Saborido-Rey, F. (2013). Demographic variation between colour pat-
terns in a temperate protogynous hermaphrodite, the ballan wrasse 
Labrus bergylta. PLoS ONE, 8(8), 1–11. https://doi.org/10.1371/journ 
al.pone.0071591
Villegas-Ríos, D., Alós, J., March, D., Palmer, M., Mucientes, G., & 
Saborido-Rey, F. (2013). Home range and diel behavior of the 
ballan wrasse, Labrus bergylta, determined by acoustic teleme-
try. Journal of Sea Research, 80, 61–71. https://doi.org/10.1016/j.
seares.2013.02.009
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.
How to cite this article: Seljestad GW, Quintela M, Faust E, 
et al. “A cleaner break”: Genetic divergence between 
geographic groups and sympatric phenotypes revealed in 
ballan wrasse (Labrus bergylta). Ecol Evol. 2020;10:6120–6135. 
https://doi.org/10.1002/ece3.6404
